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ABSTRACT: One of the encouraging strategies for enhancing the efficiency of perovskite solar cells (PSCs) is to reduce defects,
trap states of pinholes, and charge recombination rate in the light absorber layer of perovskite, which can be addressed by increasing
the perovskite grain size. The utilization of Mg-decorated graphene quantum dots (MGQD) or graphene quantum dots (GQDs)
into a perovskite precursor solution for further crystal modification is introduced in this study. Studies on the crystalline structure
and morphology of MGQD generated from GQDs demonstrate that MGQD has a greater crystal size than GQD. Therefore, higher
light absorption in the whole UV−vis spectrum and a larger grain size for the perovskite/MGQD layer compared to the perovskite/
GQD sample are achieved. Moreover, more photoluminescence peak quenching of perovskite/MGQD and extended carrier
recombination lifetime (from 3 to 40 ns) verify the surface and grain boundary trap passivation compared to pristine perovskite.
Consequently, PSCs in an n-i-p configuration containing perovskite/MGQD show a higher performance of 10.2% in comparison to
the pristine perovskite at 7.2%, attributed to the enhanced JSC from 13.2 to 19.1 mA cm−2. Thus, incorporating MGQDs into the
perovskite layer is a hopeful approach for obtaining a superior perovskite film with impressive charge extraction and decreased
nonradiative charge recombination.

1. INTRODUCTION
The functionalization and decoration of graphene quantum
dots (GQDs) are under intensive investigation because of their
potential applications in the research community for the
optoelectronic arena. In general, two main procedures are
utilized for the synthesis of GQDs: the bottom-up1 and the
top-down methods.2 The ultrasonic method, as a subcategory
of the top-down technique, is mostly conducted for GQD
synthesis thanks to its low cost, large-scale preparation, and
facile manipulation.3,4 In this technique, as a result of the
instantaneous high pressure and energy of ultrasonic waves,
countless small bubbles are produced in liquid, which forces
graphite layers to shrink, collapse, and destroy carbon−carbon
bonds.5 The GQDs are large-band gap semiconductors with
specific properties such as size-dependent band gap tailoring,
stable photoluminescence (PL), and edge effects, in addition
to special quantum confinement. In light of the significant

properties of GQDs, they are widely known as potential
candidates for optoelectronic applications such as photo-
detection over a broad wavelength range,6 photovoltaic (PV)
devices,7 and light-emitting diodes.8

Photovoltaic devices have been developed as a renewable,
clean energy technology to tackle serious global warming
environmental issues.9 Perovskite solar cells (PSCs) are the
most encouraging emerging PV technology because of their
low cost,10,11 simple solution processing,12 high optical
absorption coefficients over the solar spectrum, tunable
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bandgap,13 low exciton binding energies,14 long-range carrier
diffusion,15 and high defect tolerance.16 Organic−inorganic
hybrid PSCs have made rapid progress, where the power
conversion efficiency (PCE) has advanced drastically from
3.817 to 25.7%18,19 in the past decade. This type of
semiconductor has an ABX3 structure, where A is methyl-
ammonium (MA), formamidinium, or cesium (Cs); B is Pb or
Sn; and X can be replaced by I, Br, or Cl.20 Several approaches,
such as compositional and interfacial engineering,21−23 have
been investigated to boost the performance of PSCs.24,25 One
of the most critical factors in enhancing the PCE of PSCs is
controlling the perovskite layer morphology to deposit a
pinhole-free, highly crystalline, and homogeneous larger grain-
size film.26−28 Since the perovskite layer grain boundaries are
considered as the charge trapping sites and recombination
centers, grain boundaries are reduced by having a larger
perovskite grain diameter which enhances the charge carrier
mobility and collection efficiency simultaneously.29 To date,
various approaches, including changes in the annealing
condition,30 solvent engineering during the fabrication
process,31 and incorporation of additives such as carbon-
based nanostructures,32−36 chloride salt,18,37,38 and polyvinyl-
pyrrolidone,22,39 have been applied for adjusting the crystalline
structure and surface morphology40 of the perovskite layer,
which translates to higher performance. Therefore, the
effective incorporation of carbon-based derivatives into the
perovskite solution is regarded as a promising and outstanding
approach toward further improvement of the perovskite film
quality.

The application of graphene and GQDs has been previously
studied in PSCs.41 The enhancement in PV performance has
been observed from 18.6 to 20.5% by applying tiny GQDs < 5
nm particles between the mesoporous TiO2 layer and
perovskite film,42 which is attributed to distinct electron
extraction channels in the presence of GQDs. Graphene and
GQD, additionally, have been integrated into the perovskite
layer as a technique to change the perovskite grain boundaries,
resulting not only in an enhancement in the crystal size of the
perovskite film but also in the promotion of electron transport
in the layer of perovskite.35,36 Furthermore, the incorporation
of GQD in the perovskite layer brought about an 11%
improvement in PCE of PSCs due to better crystallization of
the perovskite film with lower defects in grain boundaries and
interfaces, resulting in better charge collection, descent charge
extraction, and thus lower nonradiative charge recombination.
Since the chemical composition of the perovskite layer
determines their electrical and optical properties, doping
other metallic cations instead of lead can effectively modify
perovskite trap passivation and crystal modification, and the
use of appropriate electron and hole extraction layers can assist
the performance and stability of the Pb-free PSCs.43 In
addition, ion doping is also employed as another impressive
approach to controlling carrier transport and trap density.44

Using alkali metal salts such as KI additive in the perovskite
precursor solution, the perovskite film grain size was reported
to increase substantially even at a low doping level, resulting in
an improvement of PCE from 13.8 to 15.3%.44

Figure 1. FTIR spectra of GO, GQD, and MGQD. The green (3750−3100 cm−1), blue (1800−1530 cm−1), yellow (1250−1050 cm−1), and pink
(610−580 cm−1) highlighted regions correspond to stretching vibration of hydroxyl, carbonyl, aromatic C�C, C−O−C and bending vibration of
C−O−C groups, respectively.
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Despite the great efforts to study the effect of doping metal
cations in PSCs, studies on magnesium (Mg) as an effective
dopant have not received much attention except for its
incorporation into the dense TiO2 electron transport layer
(ETL) of planar PSCs.45,46 These reports have shown that Mg
doping is capable of transferring the Fermi energy level of the
ETL atop, reducing the buried trap states, and increasing the
free electron density, where more than 19% PCE has been
obtained through the incorporation of Mg into the TiO2 layer
of PSCs.47 In addition, previous reports on interface
engineering by incorporating N, S-codoped GQDs
(NSGQDs)33 or nitrogen-doped GQDs (N-GQDs)48,49 in
the ETL/perovskite interlayer or utilizing the N-GQDs energy-
down-shift layer on top of the fully inorganic PSCs50 as well as
using functional semiconductor additives in perovskite films
such as graphite-nitrogen-doped GQDs,51 revealed the
beneficial properties of doped-GQD in PV performance of
PSCs. As far as we know, no research has been conducted on
the systematic incorporation of Mg2+-doped GQDs into the
perovskite layer and its influence on the PV parameters of
PSCs. The concept of using Mg2+ ions is that magnesium in
the porphyrin ring of chlorophyll found in plant green leaves is
the main stabilizer of the molecule, which absorbs sunlight and
converts it into energy by transferring electrons.52

In this study, GQDs were synthesized from graphene oxide
(GO) through an economical ultrasonic method and then
decorated with Mg2+ to obtain Mg-doped GQDs (MGQDs).
Thus, Mg2+ and GQD were simultaneously incorporated into
the perovskite layer to render trap states and boost PV
performance. To that purpose, the synthesized MGQD was
added directly to the precursor solution of perovskite as an
additive. The impact of its incorporation on the structure,
morphology, and optical properties of the perovskite absorber
layer, as well as the electro-optical properties of PSCs with a
conventional configuration of fluorine-doped tin oxide

(FTO)/compact TiO2/meso-porous TiO2/perovskite/spiro-
OMeTAD/Au, was investigated.

2. RESULTS AND DISCUSSION
2.1. Characterization of GO, GQD, and MGQD

Samples. Considering the synthesis methods, sonication of
GO caused cleavage of C�C and C−O−C bonds, increasing
the number of sp3 carbons and further oxidizing the GO.
Furthermore, due to the well-known capability of Mg2+ to bind
to oxygen-containing functional groups,53 it is expected that
Mg2+ can be readily decorated into GQD via the formation of a
network with hydroxyl and carboxyl groups of GQD. In other
words, Mg2+ ions serve as a cross-linking agent between
adjacent GQDs.

To pursue the variations in chemical composition during the
synthesis of MGQD from GO, Fourier transform infrared
(FTIR) spectroscopy was conducted. Figure 1 depicts the
FTIR spectra of GO, GQD, and MGQD samples with four
highlighted regions attributed to the stretching vibration of
hydroxyl, carbonyl, and aromatic C�C, C−O−C, and the
bending vibration of C−O−C groups. The characteristic peaks
of GO as a compound with abundant oxygen-containing
groups appeared at 1220, 1390, 1620, and 1720 and a broad
peak at 3300 cm−1, which are related to stretching vibration of
alkoxy C−O, carboxy C−O, C�C, C�O, and O−H groups,
respectively.53 The existence of bands located at 1052 and 580
cm−1 corresponds to the stretching and bending vibration of
epoxy C−O−C, respectively.54 Furthermore, the peak at 800
cm−1 is attributed to the C−H (aromatic ring) stretching
vibration. After sonication of GO to obtain GQD, new peaks at
750, 2890, and 2985 cm−1 assigned to CH2 rocking and
asymmetrical and symmetrical stretching vibrations of C−H
appeared, respectively, while the C�C peak at 1615 cm−1

decreased dramatically where the peaks assigned to epoxy C−
O−C disappeared.55,56 These results confirm the breakage of
C�C and the opening of the epoxide ring during GQD

Figure 2. XPS spectra of (a) survey, (b) C 1s, (c) O 1s, (d) Mg 1s, and (e) Mg 2p regions of MGQD.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c04734
ACS Omega 2023, 8, 38345−38358

38347

https://pubs.acs.org/doi/10.1021/acsomega.3c04734?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04734?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04734?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04734?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c04734?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


synthesis. In addition, the peak found at 1437 and 850 cm−1

was regarded as in-plane and out-of-plane bending vibrations
of O−H, respectively, produced by the breakage of the C−O−
C group.53 After decorating the GQD support with MgCl2, due
to the direct coordination of Mg2+ with oxygen-containing
groups, the peaks related to C�O (1730 cm−1) and OH
(3300 cm−1) shifted to a higher wavenumber with increased
intensity. The increased FTIR intensities caused by the
incorporation of MgCl2 in GO due to the complexation of
Mg2+ ions with carboxylic groups were confirmed in previous
reports.53 Moreover, the weak peak at 560 cm−1 could be
dedicated to the Mg−O stretching vibration, indicating the
presence of Mg in the GQD structure (MGQD sample).

Additional support for the introduction of Mg into the
chemical structure of the GQD derives from X-ray photo-
electron spectroscopy (XPS). High-resolution XPS spectra of
the C 1s, O 1s, Mg 1s, and Mg 2p regions are displayed in
Figure 2. According to the survey spectrum (Figure 2a), there
are two peaks with high intensity at 285 and 533 eV related to
C 1s and O 1s, respectively. The higher intensity of the oxygen
peak in comparison to carbon indicated the existence of a
larger amount of oxygen-rich functional groups in the chemical
structure of MGQD that can boost the possibility of their
coordination with Mg2+. The high-resolution XPS spectrum of
C 1s (see Figure 2b) implied three fitted peaks at 285.45,
287.19, and 289.45 eV, which can be assigned to the alkyl
carbon atom in C(sp3)/C−OH, the carbonyl C in the C�O
and the carbonyl C in the COOH functional groups of the
MGQD structure, respectively. As shown in Figure 2b, there
was a significant change in the surface chemistry of GQD due
to the incorporation of Mg. The C 1s component
corresponding to C�C was not seen in the XPS spectrum
of C 1s. The reason could be due to the coverage of the GQD
surface by Mg2+ ions and the strong cation−π interactions
between Mg2+ and a few C�C bonds present on the surface of
GQD.

Meanwhile, the corresponding O 1s spectrum of MGQD
(see Figure 2c) showed two peaks appearing at 532.38 and
533.43 eV, assigning to C�O in carboxylic acid and C−OH
bonds, respectively.57,58 The results confirmed that the
prepared GQD was rich in carboxylic acid and hydroxyl
groups, making it ready to interact with Mg2+. Besides C 1s and
O 1s, there were two low-intensity peaks at 50.1 and 1305.08
eV, corresponding to Mg 1s and Mg 2p in Figure 2d,e,
respectively, which indicate the decorating of Mg2+ into GQD
structure through interaction with oxygen-containing groups or

π electrons of C�C bonds.53 However, the absence of any Cl
2p feature at about 200 eV affirmed the removal of Cl− from
the surface of the MGQD during the washing process.

Furthermore, to investigate the optical properties of GO,
GQD, and the effect of Mg-decorating on GQD properties,
UV−vis spectroscopy was conducted. As can be seen in Figure
3a, GO exhibits a prominent peak at 230 nm and a low-
intensity peak at 301 nm, assigned to the π → π* transition of
conjugate double bonds of aromatic groups and the n → π*
transition of heteroatoms in oxygen-containing functional
groups present in GO, respectively.59 The optical properties
of the GQDs are strongly influenced by edge effects generated
by size reduction.60 As presented in the inset of Figure 3a, the
GQD apparently showed PL under UV light, whereas the GO
one did not have any PL. It can be attributed to GO cutting
into small pieces by ultrasonication, which results in an
increment in the number of edges and the attaching oxygen-
containing groups in GQD. Compared to the GO sample,
there is a significant decrease in intensity of the peak
corresponding to the π → π* transition along with a slight
red shift to 240 nm in the GQD UV−vis spectrum, which
implied the breakage of conjugate double bonds and an
increase in electron-withdrawing groups such as carbonyl and
carboxylic acid near C�C bonds. Moreover, the increase in
oxygen-rich group content at the edge of GQD caused
intensity enhancement and red shift of the n → π* transition
peak to 355 nm. By introducing Mg2+ to GQD, the peak linked
to π → π* transition shifted to a higher wavelength (267 nm,
compared to GQD). This red shift is because of the strong π-
cation interaction between Mg2+ and π electrons of C�C.
Moreover, the n → π* transition blue-shifted to 345 nm
compared to GQD due to effective dipole interaction between
Mg2+ and lone pairs of electrons in oxygen atoms of carboxyl
or hydroxyl groups, which resulted in a diminished energy level
of the nonbonding state and increased the band gap (Figure
3a).

The effect of Mg-decorating on the crystallinity of the GQD
was investigated by operating XRD measurements. The XRD
patterns of GO and GQD samples are demonstrated in Figure
3b,c. In the case of GO (see Figure 3b), the diffraction peak at
2θ = 11.3° was related to the (002) plane with a d-spacing of
0.78 nm. The relatively strong peak at 2θ = 42.3° was
attributed to the (100) plane, which was assigned to the
amorphous state of GO, as reported previously.61 The
appearance of the (002) diffraction peak at 2θ = 22.45° (d-
spacing of 0.39 nm) in the XRD spectrum of GQD (see Figure

Figure 3. (a) UV−vis spectra of GO, GQD, and MGQD samples (inset: the PL of GQD under the UV light, while GO did not show any PL). The
XRD patterns of (b) GO and (c) GQD samples.
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3c) presented the restoration of a destroyed network of carbon
atoms after sonication. Moreover, the (002) diffraction peak
was broader than GO, indicating a broad distribution of the

GQD size with only a few graphene sheets.60,62 The GQD
crystallite size was calculated to be 0.68 nm by the Debye−
Scherrer equation.63

Figure 4. AFM images and height profiles of (a) GQD and (b) MGQD.

Figure 5. Top view FE-SEM images and the corresponding size distribution histogram of (a,b) pristine perovskite, (c,d) perovskite/GQD, and (e,f)
perovskite/MGQD samples deposited on a glass substrate. The scale bars of the FE-SEM images correspond to 200 nm.
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Furthermore, the TEM images of GQD and MGQD
samples, along with the corresponding histogram nanoparticle
size distribution, are displayed in Figure S1a−d. As shown in
Figure S1a,b, the as-prepared GQD are almost spherical, with
an average size between 10 and 20 nm, confirming the
quantum nature of the synthesized GQD.36 The presence of
particles greater than 20 nm was due to the stacking of tiny
particles of GQD.64 By incorporating MgCl2 in GQD, the
crystal structure of GQD altered and the average particle size
increased to about 50 nm, indicating successful intercalation of
Mg2+ ions into GQD (see Figure S1c,d).

The AFM measurements were conducted to get much
deeper investigations on the surface topographic height of the
GQD upon decorating with MgCl2. Figure 4a,b show the AFM
images of GQD and MGQD with their corresponding height
profiles, respectively. The observed topographic height of the
GQD sample (see Figure 4a) was about 2 nm, confirming the
presence of 2−6 layers of graphene in each individual GQD,
proofing the high quality of the synthesized GQD.65,66 For the
MGQD sample, the topographic height is increased to 5−6 nm
upon modification of the GQD with MgCl2 (see Figure 4b).
The observed increase in the height of particles is alternative
proof for the hypothesis that Mg2+ ions act as a cross-linking
agent between adjacent GQDs.
2.2. Characterization of GQD- and MGQD-Doped

Perovskite Films. To consider the effect of GQD and
MGQDs on the perovskite layers and the performance of
photovoltaic devices, GQD and MGQDs powders were added
to the precursor solution of perovskite (see Experimental
Section) and labeled as perovskite/GQD and perovskite/
MGQD. To inspect the role of GQD and MGQD on
crystallinity and grain size of perovskite film, pristine
perovskite, and modified perovskite ink were deposited on
the FTO/compact TiO2/Meso-porous TiO2 substrate, and
their morphology and crystal structure were characterized

using field-emission scanning electron microscopy (FE-SEM)
images and XRD analysis, respectively.

Figure 5a−f shows the top surface FE-SEM images of
pristine perovskite, perovskite/GQD, and perovskite/MGQD
films and the corresponding grain size distribution histogram.
As it is evident from Figure 5a, the pristine perovskite film had
a uniform and smooth morphology with several pinhole
defects, and based on the size distribution histogram (Figure
5b), the perovskite crystal size ranged from 100 to 400 nm
with an average grain size of 250 nm. The presence of tiny
crystals caused an enlargement in the grain boundaries, and
therefore, the number of pinhole defects that act as charge
recombination sites increased.35 Since the pinhole defects can
be effectively eliminated by increasing the grain size, by adding
GQD to the perovskite precursor solution, the number of
crystals larger than 300 nm increased significantly, while there
was no change in the average grain size (see Figure 5c,d). The
introduction of GQDs had two separate effects on the
crystallization of perovskite grains: (i) GQDs retarded the
crystallization process and caused a decrease in the number of
nucleates and hence better perovskite crystals with a larger size,
and (ii) the polar functional groups on GQD, including
hydroxyl, carbonyl, and carboxylic acid, interact strongly with
the perovskite precursors, making effective contact with the
grains of the perovskite layer and hence, better crystalliza-
tion.35,36 According to Figure 5e,f, upon dispersion of MGQD
into perovskite precursor solution, the grain average size of the
perovskite increased to about 350 nm, as well as boosting the
number of crystals larger than 300 nm, which means a few
grain boundaries. In addition, the continuous and narrow
distribution histograms presented in Figure 5d,f (compared to
the histogram of Figure 5b, which has a nonuniform
distribution at sizes ∼250−300 nm) resulted from the retarded
rapid nucleation kinetics and formation of uniform and
oriented crystals. Moreover, the presence of Mg2+ ions made
the interaction of perovskite with MGQD stronger, which

Figure 6. XRD spectra of (a) pristine perovskite (black), perovskite/GQD (blue), and perovskite/MGQD (red) samples and (b,c) magnified XRD
pattern of the corresponding samples.
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retarded the crystallization process, and larger perovskite grains
were achieved. It is also noteworthy that due to the
modification in the grain size of perovskite/GQD and
perovskite/MGQD samples compared to pristine perovskite
layers, the trap states and pinhole defects of grain boundaries
in the treated layers have been suppressed, which could lead to
more efficient charge transport.67

To evaluate the effect of GQD and MGQD incorporation on
the crystalline structure of the perovskite layer, XRD analysis
was carried out on pristine perovskite, perovskite/GQD, and
perovskite/MGQD samples, as shown in Figure 6a−c. The
XRD patterns show that there was almost no difference in the
peak positions of perovskite layers with and without GQD and
MGQD. The diffraction peaks at 14.07, 20.18, 22.4, 24.45,
26.23, 31.6, 35.8, 43.12, and 49.8° are indexed to (110), (112),
(121), (211), (220), (330), (132), (314), and (404) planes,
which are characteristic of the tetragonal phase of MAPbI3.36,68

Regarding the XRD of perovskite/GQD and perovskite/
MGQD samples, the patterns show no diffraction peaks
corresponding to GQD and MGQD owing to the small
decoration. Moreover, the fwhm of the XRD pattern, especially
the one centered at 26.23°, decreased in the order of pristine
perovskite > perovskite/GQD > perovskite/MGQD, and
based on the Scherrer equation, these changes demonstrated
the modification in grain size and crystalline structure of
perovskite film when it was incorporated with GQD and
MGQD (Figure 6c).33,35 These outcomes aligned well with the
FE-SEM images (Figure 5a−f). Moreover, the detrimental PbI2
peak at 25.2° and the main peak of (110) at 14.07° were
reduced in the case of perovskite/MGQD compared to the
perovskite/GQD pattern (Figure 6b,c).

Moreover, the effects of GQD and MGQD on the
absorption and PL properties of the perovskite layer were
investigated, which are shown in Figure 7a,b, respectively. In

comparison with the pristine perovskite, the perovskite/
MGQD sample demonstrated enhanced absorption, while
the perovskite/GQD sample’s absorption intensity did not
significantly change (Figure 7a). This may be attributed to the
passivation effect and fluorescence quantum effect of GQDs,
which can restrict trapping the photogenerated electrons at
grain boundaries.36 On the other hand, according to the FE-
SEM images of the perovskite/MGQD sample (Figure 5e),
with a substantial enhancement in the grain size of perovskite/
MGQD compared to pristine perovskite (Figure 5b) and
therefore higher crystallinity in each grain, the absorption
intensities of perovskite/MGQD increased.67,69 The FE-SEM
image of the perovskite/GQD (Figure 5d) sample revealed
that the size of the crystals did not change significantly
compared to that of the untreated perovskite films (Figure 5b),
resulting in a small difference in the absorption spectra
between perovskite/GQD and pristine perovskite (Figure 7a).

The PL spectra of perovskite/MGQD, perovskite/GQD,
and pristine perovskite samples on the FTO/compact TiO2/
Meso-porous TiO2 substrate were measured (Figure 7b) to
evaluate the effect of the introduction of GQD or MGQD on
charge extraction and recombination rate. All samples
exhibited a PL peak at around 785 nm, ascending from the
perovskite conduction to the valence band radiative charge
recombination.70 The PL peak intensities of perovskite/
MGQD and perovskite/GQD were largely reduced compared
to those of pristine perovskite. Such dramatic PL quenching
was due to reinforcing charge carrier extraction from the
modified perovskite layer with GQDs or MGQD to under-
neath ETL.36 The most quenching was obtained for perov-
skite/MGQD, which can be attributed to the synergistic
passivation of surface trap states, reduced nonradiative
recombination, improvement in morphology, and formation
of semiconductor−semiconductor interfaces.26 Moreover, the

Figure 7. (a) UV−vis absorption and (b) steady state and (c) time-resolved PL spectra of glass/pristine perovskite, glass/perovskite/GQD, and
glass/perovskite/MGQD samples; included are the extracted average lifetimes fitted with a double-exponential decay function.
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PL emission peak of perovskite/MGQD is blue-shifted
compared to that of perovskite/GQD. This observation
could be due to the interaction of Mg2+ with the π-electron
of GQD, which results in a blue shift of perovskite/MGQD.
The time-resolved PL (TRPL) and decay transients of pristine
perovskite and perovskite-modified samples with GQD and
MGQD deposited on glass substrates were conducted as
shown in Figure 7c. The obtained curves are fitted by a double-
exponential decay model, resulting in two components (τ1 and
τ2). The short-lived τ1 stands for the monomolecular
recombination time, while the long-lived τ2 reflects the time
for the recombination of charges. Table 1 summarizes the
fitting parameters from the fitted TRPL curves. The average
decay time (τavg) of the pristine perovskite sample is found to
be 3 ns, while the GQD- and MGQD-doped perovskites have
12 and 40 ns lifetimes, respectively. It shows a remarkably
longer carrier lifetime (40 ns) for MGQD-doped perovskite in
comparison with the pristine perovskite sample (3 ns), which

indicates an outstandingly reduced recombination rate in the
perovskite film. Thus, the MGQD-doped perovskite film
significantly retards the recombination time of the generated
electrons and holes and increases the charge carrier lifetime,
which means that trap states have been passivated effectively
and result in efficient charge extraction to ETL and HTL.71 It
is worth mentioning that the TRPL curve of pristine perovskite
revealed a multiexponential behavior instead of a clear
biexponential decay (as can be seen in GQD- and MGQD-
doped samples), which is considered to be due to the
nonradiative recombination at the perovskite bulk and surface
or the additional radiative recombination caused by the high
excited carrier density.72

2.3. Photovoltaic Device Performance. Finally, three
types of solar devices based on FTO/TiO2/perovskite (pristine
perovskite, perovskite/GQD, and perovskite/MGQD)/spiro-
OMeTAD/Au layers were assembled, and their current density
(J)−voltage (V) specifications were evaluated under the same

Table 1. Summary of the Carrier Lifetime Estimated from Fitting the TRPL Spectra Reported in Figure 7C

samples τ1 (ns) A1 (%) τ2 (ns) A2 (%)

= +
+

A A
A Aavg

1 1
2

2 2
2

1 1 2 2

(ns)

pristine perovskite 1.87 0.98 11.18 0.02 3
perovskite/GQD 4.66 0.94 31.18 0.06 12
perovskite/MGQD 13.39 0.63 52.03 0.37 40

Figure 8. (a) Record J−V curves, (b) energy band diagram, (c) long-term device stability including normalized PCE of pristine perovskite (black),
perovskite/GQD (blue), and perovskite/MGQD (red) of fabricated solar devices under the ambient condition (35−40% RH) at room
temperature and without any encapsulation, over 100 days, and (d) J−V curve of fabricated devices based on the MgCl2 treatment of perovskite
(green) compared to the pristine perovskite (black). The inset table shows the related PV parameters.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c04734
ACS Omega 2023, 8, 38345−38358

38352

https://pubs.acs.org/doi/10.1021/acsomega.3c04734?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04734?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04734?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04734?fig=fig8&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c04734?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


conditions to investigate the effect of the MGQD additive on
the performance of typical PSCs. Figure 8a shows the recorded
J−V curves of the fabricated devices based on untreated
(pristine perovskite) and treated perovskite layers containing
GQD (perovskite/GQD) and MGQD (perovskite/MGQD),
and the related device performance is shown in Table 2. The
band energy diagram of the fabricated devices is shown in
Figure 8b, where efficient charge carrier extraction and light
harvesting lead to the distinct performance of the PV devices.
Moreover, Figure 8c indicates the stability of the PSCs based
on pristine perovskite and treated perovskite layers containing
GQD (perovskite/GQD) and MGQD (perovskite/MGQD),
which were monitored over a 100 day period in the ambient
condition with a relative humidity (RH) of 35−40% at room
temperature without any encapsulation. According to these
results, the fabricated devices based on perovskite/GQD and
perovskite/MGQD showed improved stability compared with
the untreated devices. The perovskite/GQD and perovskite/
MGQD-based devices retained 50 and 80% of their initial
PCEs after 100 days, respectively. However, the devices based
on pristine perovskites undergo rapid degradation (20% of
initial PCEs). The substantially improved stability of the
perovskite/MGQD-containing devices is attributed to pro-
tected grain boundaries with lower recombination centers and
a more hydrophobic surface of the modified film.

As a comparison, we fabricated devices with only MgCl2 as a
dopant to the perovskite layer to verify the beneficial effect of
MGQD on the performance of PSCs. As can be seen in Figure

8d, MgCl2 treatment resulted in a decrease in PV performance
compared to the control devices with a pristine perovskite
layer, where the PCE decreased from 7.16 to 5.45%. As can be
seen in the inset table of Figure 8d, the main reason for the low
performance of MgCl2 treatment devices resulted from the
diminished fill factor (FF), which is attributed to the increased
recombination center in the presence of Mg2+ ions.

The statistics of PV indicators, including short-circuit
current density (Jsc), open-circuit voltage (Voc), FF, and
PCE, are shown in Figure 9a−d. Every box in Figure 9 depicts
the PV parameter distribution of at least seven devices under
the same operating condition.

The beneficial role of MGQDs compared to GQD was
verified by the J−V curves. Accordingly, the average PCE, JSC,
and FF increased when the GQDs and MGQDs were
incorporated into the perovskite layer. The PSCs with
perovskite/GQD and perovskite/MGQD layers achieved
record PCEs of 8.17 and 10.23%, respectively, whereas the
control PSCs achieved a lower PCE of 7.16%.

It is worth mentioning that the modest performance of the
control devices (7.16%) was mainly attributed to the purity of
the precursors and the anhydrous nature of the solvents, where
even homemade precursors such as methylamine iodide (MAI)
were used. In addition, day-changing ambient air environ-
mental conditions (as mentioned in the Experimental Section)
affect the crystal growth and morphology of the layers
compared to the inert, stable, and reproducible atmosphere
of the N2-filled glovebox.

Table 2. Photovoltaic Device Parameters (VOC, JSC, FF, and PCE) for Pristine Perovskite-, Perovskite/GQD-, and Perovskite/
MGQD-Fabricated Solar Devices

device PCE (%) VOC (V) JSC (mA cm−2) FF (a.u.)

pristine perovskite record 7.16 0.93 13.19 0.58
average 5.4 ± 1.32 0.89 ± 0.02 11.26 ± 2.48 0.54 ± 0.03

perovskite/GQD record 8.17 0.94 15.04 0.58
average 6.45 ± 0.95 0.89 ± 0.02 11.93 ± 1.47 0.56 ± 0.02

perovskite/MGQD record 10.23 0.9 19.07 0.60
average 7.39 ± 1.37 0.87 ± 0.03 14.87 ± 2.29 0.57 ± 0.03

Figure 9. Statistical photovoltaic parameters (a) VOC, (b) JSC, (c) FF, and (d) PCE for pristine perovskite (black), perovskite/GQD (blue), and
perovskite/MGQD (red) fabricated solar devices.
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Therefore, the highest PCE has been attributed to
perovskite/MGQD-based fabricated devices. Moreover, the
Jsc had a significant enhancement from 13.19 to 19.07 mA
cm−2 when MGQD was incorporated in the perovskite layer,
which implied a higher absorption coefficient (UV−vis
spectrum, Figure 7a), better crystallinity of the perovskite
crystals (XRD pattern, Figure 6a−c), and larger grain sizes (see
FE-SEM images, Figure 5e,f).

Moreover, the average FF was increased for all of the
perovskite/MGQD devices, which implied efficient synergistic
trap passivation. An approximately 40% increase in PCE for the
perovskite/MGQD sample compared with pristine perovskite
was mainly implied by the larger grain size when MGQD was
added to the perovskite layer. Therefore, the grain boundaries
and the pinhole density in the perovskite film decreased
drastically, which caused better charge transfer and reduced
recombination (Figure 7b). The increase in Jsc was also
attributed to an increment in the absorption of perovskite/
MGQD compared to pristine perovskite (Figure 7a), leading
to more capability of the perovskite/MGQD sample in
converting light to electricity. The increased value of the FF
factor was due to less charge recombination in the TiO2/
perovskite interface caused by a decrease in the number of
pinhole defects in the perovskite/MGQD sample. It can be
concluded that the MGQD played remarkable multifunctional
roles: (i) it retarded the crystallization process, since during
the annealing process, the color of the perovskite layer turned
dark much slower than the pristine perovskite layer, and this
caused the perovskite crystal to grow larger, (ii) it facilitated
eased charge extraction, and (iii) it decreased the pinhole
density of defects and suppressed the charge recombination
rate.

3. CONCLUSIONS
The GQD was successfully synthesized from GO using an
ultrasonic-assisted method, and subsequently, it was decorated
with MgCl2 (MGQD). The possible mechanism of decorating
Mg2+ into the GQD structure was through the interaction of
Mg2+ with oxygen-containing groups or π electrons of C�C
bonds. Based on the results, introducing Mg2+ to GQD caused
a blue shift in n → π* and a red shift in π → π* absorbance
peak of GQD, indicating the effective interaction between
Mg2+ and the functional groups of GQD. The results also
demonstrated that decorating Mg2+ ions in the GQD structure
caused an increase in the crystal size of GQD. The
characterized GQDs and MGQDs were dispersed in a
perovskite precursor solution, and their effects on the
properties of the perovskite layer were studied extensively.

The FE-SEM images and XRD analysis showed that MGQD
with a larger crystal size compared to GQD could effectively
retard the crystallization process, enhance the perovskite grain
size, and hence decrease the grain boundaries and pinhole
defects in the perovskite layer. In addition, the implementation
of MGQD into the perovskite layer assisted in maximizing the
light absorption and also decreased the PL intensity of the
perovskite layer because of the luminescence-quenching
phenomenon and enhanced charge carrier extraction and
lifetime (from 3 to 40 ns). Finally, the applicability of GQD
and MGQD in PSCs was investigated by incorporating them
into a perovskite layer. The perovskite/MGQD indicated the
greatest enhancement in the PV parameters of PSCs with an
increment of PCE from 7.16 to 10.23%. Consequently, the
introduction of MGQD into the perovskite layer was an
efficient strategy for better charge extraction as well as the
suppression of pinholes and charge recombination in PSCs.

4. EXPERIMENTAL SECTION
4.1. Materials. Graphite powder (size <150 μm, 99.99%),

potassium permanganate (KMnO4, > 99%), magnesium
chloride (MgCl2, 99.9%), lead(II) iodide (PbI2, 99.999%),
lead(II) bromide (PbBr2, 99.999%), 4-tert-butylpyridine, and
lithium bis(trifluoromethanesulfonyl) imide (Li-TFSI, 99.8%)
were obtained from Sigma-Aldrich Co. Hydrogen peroxide
(H2O2, 30 wt %), sulfuric acid (H2SO4), hydrochloric acid
(HCl), phosphoric acid (H3PO4), titanium tetrachloride
(TiCl4), TiO2 (composed of 25 nm nanoparticles), titanium
isopropoxide (TTIP), and acetone were purchased from
Merck Co. Acetonitrile, N,N-dimethylformamide (DMF),
diethyl ether, and chlorobenzene were obtained from Alfar
Aesar Chemical Reagent Co. MA bromide (MABr) and
formamidinium iodide were purchased from Shanghai
Materwin New Materials Co., Ltd. 2,2′,7,7′-tetrakis (N,N-di-
p-methoxyphenylamine)-9,9-spirobifluorene (Spiro-OMe-
TAD) was supplied from Luminescence Technology Co. For
solution processing, Milli-Q water (18.2 MΩ cm, Millipore)
was used. Laser-patterned FTO with a thickness of 2.2 mm and
a sheet resistance of 15 Ω/Sq was purchased from Pilkington.
4.2. Synthesis of Magnesium-Decorated GQDs. First,

GO was prepared from graphite powder adopting Ranjan’s
method.73 Briefly, graphite powder and KMnO4 with a weight
ratio of 1:6 were crushed and dry-ground manually in a
porcelain mortar for 5 min and stored at 5 °C. Then, a blend of
H2SO4/H3PO4 (volume ratio of 9:1) held at 5 °C was gently
added to the above-prepared mixture while continually stirring
at room temperature, resulting in a greenish-black solution.
The temperature of the solution was then increased to 65 °C

Figure 10. Graphic illustration of the synthesis steps of the magnesium-decorated graphene-quantum dot (MGQD).
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and kept under stirring and reflux conditions for 24 h. By the
end of the reaction, a brownish solution was obtained. After
cooling to room temperature, the solution was moved to a
beaker that had 400 mL of DI water-ice cubes, and 7 mL of
H2O2 was added dropwise during magnetic stirring. The
golden yellow color of the solution indicates the formation of
GO. In the next step, distilled water was added to the
produced mixture to complete the precipitation process. The
mixture was centrifuged at 10,000 rpm for 5 min, and the
supernatant fluid was discarded; the remaining sedimentation
was washed with deionized water, HCl, and ethanol,
respectively, followed by degasification in a vacuum oven.

In the next step, the obtained GO powder was dispersed in 4
mL of DI water and sonicated in an ultrasonic bath at 40 kHz.
After 4 h of sonication, a gray solution along with a residual
precipitate was obtained. The supernatant liquid, which is a
dispersion of GQD in water, was separated from the sediment
by centrifugation at 10,000 rpm for 30 min and dried in an
oven at 70 °C for 24 h. The color of the aqueous solution was
gray, and the production yield was about 3%.

Finally, 0.2 g of GQD powder was dispersed in 100 mL of
DI water and sonicated for 1 h to obtain a uniformly dispersed
GQD solution. Then, 0.04 g of MgCl2·6H2O was dissolved in
7 mL of deionized water and added to the GQD solution. The
above-mixed solution was charged into a 60 mL Teflon-lined
autoclave and heated at 190 °C for 6 h. After the reaction was
completed, the obtained solution was dried in an oven at 60 °C
to yield magnesium-decorated GQD (MGQD). The synthesis
steps of MGQD are schematically depicted in Figure 10.
4.3. Fabrication of the PSC Device. 4.3.1. Substrate

Preparation and TiCl4 Treatment. Laser-patterned FTO glass
was cleaned sequentially in 2% Hellmanex cleaning solution,
DI water, HCl/ethanol solution, acetone, and ethanol under 15
min of sonication, followed by drying in nitrogen gas. Then,
the clean substrates were exposed to UV−ozone for 15 min
and finally dried at 500 °C to remove any organic pollutants.
To obtain a TiO2 solution, HCl/ethanol solution (27.2 mM)
was added dropwise to an ethanol solution containing 0.43 M
TTIP under vigorous stirring, followed by filtering of the
obtained solution via a 0.45 μm polytetrafluoroethylene
polymer syringe filter. A 50 nm thick compact layer of TiO2
as a hole-blocking layer (FTO/bl-TiO2) was applied on FTO
by dynamic spin-coating of TiO2 solution at 2000 rpm for 30 s,
followed by sintering at 500 °C for 30 min. Meso-porous TiO2
layer (particle size of 20−25 nm and anatase crystalline phase)
was obtained by spin-coating SHARIFSOLAR transparent
TiO2 pastes diluted in ethanol (1:2 weight ratio) at 2000 rpm.
for 30 s on the FTO/bl-TiO2 substrate. The resulting film was
exposed to ethanol vapor and annealed at 120 °C for 6 min,
and the sintering procedure was conducted at 500 °C for 30
min under airflow. To further boost the electrical conductivity
of the meso-porous TiO2 layer, the substrates were soaked in
the TiCl4 aqueous solution (0.04 M) at 70 °C for 30 min,
where the residual species were washed with DI water and
ethanol, following drying at 500 °C for 30 min.

4.3.2. Perovskite Precursor Solution and Layer Prepara-
tion. A MAPbI3 precursor solution (40 wt %) was prepared as
described elsewhere.74 Briefly, MAI was prepared by adding 30
mL of aqueous solution of hydroiodic acid (57 wt %) to 270.8
mL of methylamine solution (40 wt % in methanol) placed in
an ice bath and stirring for 2 h. Then, the solution was kept at
50 °C for 1 h to be evaporated, which was washed several
times with diethyl ether, dissolved again in ethanol, and air-

dried for 24 h. Then, the readily synthesized MAI (0.253 g)
and commercially available PbI2 (0.147 g) with a molar ratio of
3:1 were mixed in DMF and magnetically stirred at 70 °C for
30 min. The obtained MAPbI3 precursor solution was kept at
70 °C in a dark place overnight. To prepare the GQD or
MGQD-decorated MAPbI3 solution, GQD or MGQDs (0.001
g) were added to the prepared MAPbI3 precursor solution (10
mL) and stirred for 30 min. Finally, pristine perovskite,
perovskite/GQD, and perovskite/MGQD layers were depos-
ited by spin-coating of the MAPbI3-, GQD-, and MGQD-
decorated MAPbI3 precursor solution on the mesoporous
TiO2-coated substrate at 2500 rpm for 45 s, respectively, and
dried at 90 °C for 15 min. It is worth mentioning that all the
solution and deposition processes of the device fabrication
were performed in the ambient atmosphere, with a RH of 35−
40%.

4.3.3. Hole Transporting Material and Back Electrode. A
hole-transport material solution from 72.3 mg of spiro-
OMeTAD, 28.8 μL of 4-tert-butylpyridine, and 17.5 μL of
lithium bis (trifluoromethanesulfonyl) imide (Li-TFSI) sol-
ution (520 mg of Li-TSFI dissolved in 1 mL of acetonitrile) in
1 mL of chlorobenzene was spin coated on the top of the
perovskite layer at 4000 rpm. for 30 s. At the last step, an 80-
thick gold electrode was deposited on the spiro-OMeTAD-
coated film under 10−7 mbar high vacuum pressure.
4.4. Characterization Methods. FTIR spectra of GO,

GQD, and MGQD were acquired using an FT-IR BRUKER-
IFS48 spectrophotometer (Germany) with 16 scans at a
resolution of 4 cm−1 and a range of 400−4000 cm−1. The
chemical states of the MGQD were examined using XPS
(Thermo Fisher Scientific K-Alpha, USA). Moreover, the
optical properties (UV−vis analysis) of the GO, GQD,
MGQD, and perovskite films were taken by a spectropho-
tometer (PerkinElmer Lambda 365 UV−vis, USA). To
investigate the crystal structure of samples, XRD was done
with an XPERT-PRO diffractometer using Cu Kα radiation (λ
= 1.54059 Å, 40 kV, 40 mA) at a scanning rate of 1.2 min−1 in
the 2θ range. High-resolution transmission electron micros-
copy images of GQD and MGQD were acquired on a Philips
EM208S (Royal Dutch Philips Electronics Ltd., Eindhoven,
Netherlands), which is operated at 100 kV. To calculate the
diameter of particles in different TEM micrographs, image
processing software (ImageJ, version 1.51) was employed. The
AFM (VEECO-CP research) analysis was conducted to
investigate the top surface topology of the perovskite films
with a silicon tip of 10 nm radius in noncontact mode. The top
surface morphology and grain sizes of the perovskite layer were
characterized utilizing a FE-SEM (MIRA3, TESCAN, Czech
Republic) by accelerating the operation voltage of 15 kV. To
get a better image resolution from the semiconducting
perovskite films, a thin layer of gold was coated under an
inert argon atmosphere using an Emitech K450x sputter-
coating system (England). The PL spectrum of the perovskite
films was measured with a spectrophotometer (Avaspec 2048-
TEC) by using an integrating sphere, where a pulsed laser (405
nm wavelength and 1 MHz frequency) was employed to excite
the samples. The TRPL test of perovskite-deposited film with
and without GQD and MGQD was measured by an FLS980
fluorescence spectrometer from Edinburgh Instruments. TRPL
is performed at an excitation wavelength of 520 nm and
responds to the entire emission spectrum. All optical
measurements were carried out at room temperature. The
current density−voltage (J−V) characteristics were measured
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by a PalmSense 2400 source meter (scan rate of 50 mV s−1)
under light using a solar simulator (Sharif solar, SIM-1000, AM
1.5 G light, 100 mW cm−2) calibrated with a silicon
photodiode (Thorlabs). The active area of all pixels was
defended with an optical mask with an aperture of 0.09 cm2.
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